The interaction of unsupported silver with oxygen at atmospheric pressure and at temperatures between 100 and 600°C has been studied using temperature programmed reduction and desorption experiments with temperatures ranging up to 900°C. In addition, the interaction of an oxygen-loaded silver surface with methanol has been studied using both these techniques and temperature programmed reaction. It appears that the silver-oxygen chemistry is influenced strongly by hydrogen dissolved in the silver during the pretreatment of the catalyst, the hydrogen giving rise to a new type of sub-surface species, possibly sub-surface OH groups, and also to an increase of the amount of sub-surface oxygen formed. Sub-surface oxygen can be converted into a strongly bound species that is not present to a measurable extent after normal oxidation. Defects, partly generated as a consequence of the interaction between oxygen and hydrogen in the sub-surface region of the silver, probably generate this strongly bound oxygen species. The presence of the sub-surface oxygen species appears to activate the silver for methanol dehydrogenation.
INTRODUCTION
Silver is widely used as a catalyst for the oxidative dehydrogenation of methanol to produce formaldehyde. The process is carried out conwnercially at temperatures around 600°C and at atmospheric pressure; it is possible with an excess of methanol relative to oxygen to reach a selectivity of 90% towards formaldehyde with almost complete conversion of methanol [l] .
Fram earlier work in our laboratory [2] , it appears that the influence of reaction conditions on the conversion of methanol to formaldehyde and to the by-products H2, H20, CO and CO2 can be explained by assuming that two different oxygen sites exist on the silver surface. This is in agreement with Kaliya et al.
[3] and with Robb and Harriott [4] who also suggests that selective reaction and total oxidation to CO2 take place on different sites; in further support for these conclusions, Benninghoven and coworkers [5, 6] have shown with SIMS that only one of two oxygen species is involved in the interaction of silver with methanol.
In order to confirm these ideas, it is important to have improved knowledge of the interaction of silver with oxygen. Reviews of those publications concerned with this interaction have been given by Barteau and Madix [7] , Verykios et al.
[Sl and Sachtler et al. 191. Oxygen adsorption has till now mostly been studied
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at low pressures with both single crystals and silver films using ultra high vacuum (UHV) systems and a number of surface techniques, However, adsorption and desorption measurements using higher oxygen pressures have been performed by Czanderna and coworkers, who used small silver particles, e.g., powders and supported silver [l&12] and also larger silver particles including silver wire
[13]; they reported that several different oxygen species, including a stronglybonded form of oxygen, were present. It has been shown by Backx and coworkers [14] and also by Russian researchers [15, 16] was performed to study the interaction of such surfaces with methanol. In order to eliminate support effects, the measurements were performed using a pure metallic silver material.
EXPERIMENTAL

Methods
The equipment used for the temperature programmed measurements is shown schematically in Figure 1 . All the flows except that of air are regulated with pressure and flow controllers.
The valves in the gas-handling system allow selection of the gases used in the system. In the TPR mode, the flow over the silver sample contains 6% Hp in Ar (10 ml min-'), whereas N2 is used for the reference flow (20 ml min -') and also for the flow added to the gas leaving the reactor (the so-called "diluent flow!' (IO ml min-') which has the function of helping to stabilise the detector response). In the TPD mode, He is used for all streams, the same flow rates being used. In the TPRS mode, He is also used for all flows; methanol is now introduced into the flow which passes the sample by using a saturator [l] held at a tempera-diluent ----. In the TPR mode, the cold finger is maintained at a temperature of about -30°C to condense the water formed by the reaction of hydrogen with oxygen emanating from the surface. In the case of TPRS, measurements made with and without use of the cold finger give different results because only a part of the reaction mixture (i.e., CH30H, CHZD and H20) is trapped at -3O"C, the other gases bei<g allowed to pass through; analysis of the individual products is not carried out. The cold finger is not used in the TPD mode. In all experiments, the change in thermal conductivity of the mixture leaving the sample is measured; in the TPD mode, this is related to the desorption, in the TPR mode to the amount of hydrogen consumed during the reaction with adsorbed species. The interpretation of thermal conductivity changes during TPRS will be discussed later.
All measurements reported in this paper were performed using a heating rate 
RESULTS AND DISCUSSION
Influence of pretreatment before oxidation
It can be seen from the data depicted in Figure 2 The following sections describe the results of experiments designed to show more about the sub-surface OH and 0 species; unless otherwise stated, these were carried out after an oxidation treatment which had been preceded by a TPR measurement, This was done to maximize the amount of oxygen present on the sample. It was also felt that the hydrogen pretreatment was necessary because hydrogen is also present in the product mixture during the oxidative dehydrogenation of methanol [2] ; the presence of this hydrogen in the process is likely to have an effect on the oxygen species similar to that caused by the treatment applied here. 
I*L
T ("Cl observed adsorbed dioxygen species on Ag(ll1); these workers reported that the adsorbed concentration was remarkably sensitive to gas pressure and that desorption takes place at 100°C. It therefore appears that adsorbed molecular oxygen is only present after high pressure oxidation and that it can be desorbed very easily.
Because of the weak bonding of this entity to the surface, it is unlikely that this molecularly adsorbed oxygen is an important surface species during oxidative dehydrogenation of methanol at high temperature.
From the results given in Figure 4 , it appears that the rate of oxidation of the silver to give maximum coverages by Species I, II and III is extremely low. is probably concentrated around defects in the bulk structure which must be accessible via rapid diffusion paths (e.g., grain boundaries) as it can be formed readily even at low temperatures (as low as 15O"C, see Figure 5 ). During the He treatment, the process is reversed and the oxygen species become concentrated at defects located at or very close to the surface. These surface defects must be associated in some way with the rapid diffusion paths postulated above; i.e., they must occur at the edges of grain boundaries or other faults in the structure.
These new oxygen species can only be removed by hydrogen at about 55D"C ( 
In reaction (I), methanol decomposes to give hydrogen and CO, in (2) it reacts selectively to give formaldehyde and hydrogen, and in (3) and (4) it reacts with oxygen from the catalyst to give formaldehyde and water or CO2 and water; however, reactions (3) and (4) will not be sustained as'there is a limit to the amount of oxygen which can be supplied by the catalyst. Other reactions are also possible:
for example, CO2 can also,be formed by reaction of CO with oxygen species and it is also possible that molecular oxygen is formed by desorption. Of these products, formaldehyde will not reach the detector as it forms paraform under these conditions and condenses on the walls of the connecting tubing. Water and the majority of the methanol will condense in the cold finger (-30°C) if it is in place. The thermal conductivities of all the gases other than hydrogen are lower than that of the carrier gas, helium, whereas that of hydrogen is about the same.
As a result, when the cold trap is in position, CO and CO2 (and 02) will give a decrease in conductivity and H2 and formaldehyde will have no effect; water production and methanol consumption will have a negligible effect. When the trap is not in position, water will now cause a decrease in conductivity while consumption of methanol will now show up as an increase in conductivity. 
